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Emerging environmental regulations in Japan and Europe have targeted the 
elimination of lead in electronic products. Pure Sn, eutectic SnCu and eutectic 
SnAgCu are three possible candidates to replace SnPb as the solder bumping 
materials for the lead-free flip-chip bonding. Without lead, the stability of the Sn/Cu 
interface during reflow suffers from the rapid dissolution of copper into molten tin. 
The requirement of multiple reflow during the flip-chip manufacturing further 
complicates the issue. In this project, scanning Auger microscopy and scanning 
electron microscopy were used to investigate the dissolution effect during multiple 
reflow for the Sn/Cu, Sn/Ni, SnAgCu/Cu and SnAgCu/Ni interfaces. It was found 
that a Ni layer can effectively solve the Cu dissolution problem. In addition, an 
annealing step can be introduced before the reflow, which formed a uniform 
intermetallic layer and reduced the copper dissolution rate during reflow. The ball 
shear test results suggested that the strength and failure mode of the Sn/Cu, Sn/Ni and 
SnAgCu/Cu interfaces did not change after multiple reflow and thermal cycling. For 
the SnAgCu/Ni interfaces, a ternary intermetallic was found, which is not stable with 
thermal treatments and aging. It is suggested that there will be reliability issues 
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1.1 Background of the study 
1.1.1 The lead-free movement in electronic industry 
Generally all microelectronics assemblies in use today utilize tin-lead solders for 
joining components due to its very low melting point (187°C) and excellent wetting 
properties. The rapidly growth of the electronic industry in the last twenty years 
has further increased the usage of solder connection. The most widely used tin-lead 
solder has the eutectic composition (Tin 63 wt %，Lead 37 wt %). Emerging 
environment regulations worldwide, mainly in Europe and Japan, have targeted the 
elimination of lead usage in electronic assemblies, due to the inherent toxicity of lead 
[1-9], Many medical studies have shown that lead is a heavy-metal toxin that can 
damage the kidneys, liver, blood, and central nervous system. Because of the 
regulations, the electronic industry has been searching for suitable “lead-free” solders 
to meet the new requirement since mid-1990s. However, without lead, the 
metallurgy and physical properties of the solders are different from the lead 
containing solder. The new connection problems have been appearing including the 
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interface stability and whisker growth [4, 10-12:. 
In the next two years, the lead-free requirements will be extended to the wafer 
level and people in this level are currently working hard to implement this process. 
In this work, we will examine the issues in the area of flip-chip technology when 
lead-free materials will be used. 
1.1.2 The flip-chip technology 
Flip-chip interconnects are the electrical and mechanical connections between the 
semiconductor integrated circuit and the package (or board for direct-chip attachment) 
[2, 5, 13-14]. This microelectronic assembly is the direct electrical connection of 
face-down (hence, "flipped") chips onto substrates, circuit boards, or carriers, by 
means of conductive bumps. The solder bumps on a chip after reflow were shown 
in Fig. 1.1. The diagrams in Fig. 1.2 shows the flip-chip bonding of a silicon chip 
onto a substrate and Fig. 1.3 shows the finished cross-section. Flip-chip technology 
is not a new technology. IBM introduced the flip-chip technology in the late 1960's 
for their mainframe computers. IBM calls it C4 (Controlled Collapsible Chip 
Connection) technology. 
The growth of solder bumps on silicon wafer is a required step for flip-chip 
process. During the early development of the flip-chip technology, the wafer 
3 
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Fig. 1.3 The finished flip-chip bonding of a silicon wafer onto a substrate: (a) The 
schematic diagram of the cross-section, and (b) an optical image of a 
cross-section [54]. 
5 
bumping step was done by thermal evaporation method. The tin-lead alloy and 
under bump metal were evaporated at high temperatures and then deposited on the 
patterned silicon wafer for making connective bumps. However, the evaporation of 
metal in vacuum involves high production cost and low throughput. For lowering 
the production cost, wafer bumping by electroplating on silicon wafer was later 
developed. 
Flip-chip interconnects are smaller (in the order of 100 jum diameter) than wire 
bonding joints and are projected to have pitches that will shrink below 150 jum 
15-16]. The advantages of using the flip-chip technology include smaller size, 
higher I/O counts (over 3000 I/O can be achieved), lower cost per bonding and 
higher electrical performance due to very short connection distance. It is predicted 
that flip-chip interconnection method will become more and more important in the 
future. 
The flip-chip technology is getting common in the last ten years and it is widely 
used by many companies such as Casio, Hitachi, Samsung, and Motorola, etc. 
Nowadays the electronic devices getting smaller and smaller，the advantages of 
flip-chip technology are becoming obvious. The flip-chip technology is applied to 
many high technology products including mobile phones, digital camera and 
computer's components (CPUs, memory and motherboard). When lead-free solder 
6 
will be used, the reliability of the flip-chip products is unknown. Therefore, the 
material properties must be studied for the understanding of the long term stability of 
the products. 
1.1.3 The using of the lead-free solder for flip-chip application 
The removal of lead in electronic packaging has started influencing the flip-chip 
manufacturing process. New lead-free electroplating baths should be used for 
electroplating the solder bumps onto the wafers. A major factor affecting alloy 
selection is the melting point of the alloy, since this will have a major impact on the 
other polymeric materials used in microelectronic assembly and encapsulation. 
Other important issues are cost, availability, and wetting characteristics [2-5, 17]. 
Therefore, low melting point eutectic alloy are preferred to be used for electronic 
packaging. For lead-free selection, pure tin (with a melting point of 232^^0) is one 
of the possible choices for soldering [3-4, 18]. However, for lowering the melting 
point and improving the wetting properties, other elements are added into tin solder 
to form a tin alloy. Eutectic tin-copper with a composition of 99.3wt% Sn: 0.7wt% 
Cu having a melting point of 227°C, eutectic tin-silver with a composition of 
96.5wt% Sn: 3.5wt% Ag having a melting point of 22TC and eutectic 
tin-silver-copper with a composition of 95.8wt% Sn: 3.5wt% Ag: 0.7wt% Cu having 
7 
a melting point of 216°C are the three most possible candidates for lead-free tin 
alloys for flip-chip applications [3-4,10, 17-18]. 
1.2 Problems and concerns of lead-free flip-chip technology 
1.2.1 I BM and the tin-copper intermetallic at the UBM/lead-free 
solder interface 
For a flip-chip process, there are a number of intermetallic compounds, such as 
tin-copper, tin-nickel and tin-nickel-copper, form at the interface of solder and metal 
substrate during reflow. The growth of these intermetallic compounds consumes 
the substrate metal. Once the substrate metal used up, the adhesion between solder 
and silicon may be greatly affected. Therefore, it is necessary to have a thick 
enough under bump metal (UBM) to ensure that the consumption of UBM will not 
reach the silicon side. Two other reasons of having UBM are (1) to ensure the 
adhesion of the bumps to the A1 pads of the chip, and (2) the need of a conducting 
wafer surface for electroplating. Therefore, one or more under bump metals are 
required to be deposited onto the silicon wafer before the solder plating [13,19]. 
In general, the first layer of UBM is deposited by sputtering. A usual approach is 
to sputter a layer of Cr followed by a sputtered Cu layer. The Cr layer gives good 
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adhesion and the Cu layer protects the Cr layer as well as providing electrical 
conductivity across the whole wafer. After patterning by photoresist, an additional 
layer of thick Cu is deposited by electroplating [5, 15]. Another approach is to 
sputter Ti followed by a layer of sputtered Ni. Again, the Ti layer is used for 
adhesion and the Ni layer protects the Ti layer as well as providing conductivity 
[19-22]. A thicker electroplated Ni is also required after patterning. 
A suitable growth of these intermetallic compounds indicated a good adhesion 
between solder and UBM [1,10, 23-26]. However, too thick of these intermetallics 
growth may affect the long term reliabilities of the flip-chip products. For the 
lead-free flip-chip technology, unfortunately, the interface of tin and the copper UBM 
is less stable than that of the tin-lead alloy. Without lead, the stability of the 
tin/copper interface during reflow suffers from the rapid dissolution of copper into 
molten tin [1, 15, 18, 25, 27-28], The requirements of multiple reflows during the 
flip-chip manufacturing steps further complicate the issue. The problem can be 
illustrated from the SEM images in Fig. 1.4 and Fig. 1.5. The solder bump in Fig. 
1.4 and Fig. 1.5 was treated by an excessive reflow for about 10 minutes at a peak 
temperature of 265'^ C and many copper containing compounds were found on the 
surface of the bump. This copper containing compound came from the copper 
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instability of the interface imposes two problems. Firstly, the intermetallic 
compound formed at the interface can help to join the two metals together but too 
thick the intermetallic growth at the interface and the intermetallic droplets present 
inside the bump would weaken the strength of the bump [11, 18, 20，25-26, 29-31；. 
Secondly, the tin-copper intermetallic compound floated at the surface region can be 
easily oxidized. The oxidized intermetallic compound can adversely affect contact 
resistance and the solderability of the bump surface during flip-chip bonding. A 
failed flip-chip bonding sample was shown in Fig. 1.6 due to poor soldering ability 
of the solder bump. Therefore, it is necessary to understand the intermetallic 
growth and suggest methods to control the growth. 
1.2.2 The tin-nickel intermetallic compound 
When the under bump metal changed to nickel, the NisSi^ intermetallic was found 
at the interface of the pure tin bump on nickel UBM after reflow [4, 23, 32-34], 
The dissolution rate of this nickel into the molten tin is relatively slow when 
compared with copper [15, 32, 35-37], Therefore, a layer of nickel UBM can be 
electroplated on the copper UBM to act as a physical barrier [4-5, 15, 22-23, 32, 37] 
in solving the rapidly growth problem of tin-copper intermetallic. 
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Solder ball : � ^ 
Fig. 1.6 The SEM image of the failure flip-chip bonding sample due to poor soldering 
ability for the bump. 
12 
1.2.3 The formation of tin-nickel-copper intermetallic compound at 
the interface of tin-silver-copper bump on nickel UBM 
For pure tin solder, tin-nickel intermetallic compound forms at the interface when 
nickel is used as UBM. This tin-nickel intermetallic compound has a relative low 
growth rate than that of tin-copper intermetallic compound. In other words, we can 
say that the nickel barrier can solve the rapid growing problem of tin-copper 
intermetallic for lead-free products. However, for the others two possible lead-free 
solders, which are tin-copper and tin-silver-copper, the evolution of the intermetallics 
at these solder/Ni UBM interface was found to be much more complex [17, 38-43]. 
The stable tin-nickel intermetallic compound was expected to form at the SnCu/Ni or 
SnAgCu/Ni systems with over 95 wt% tin inside the solder. Since no Ag was 
detected in the interfacial intermetallic layer, we assume that Ag was not directly 
involved in the interfacial reactions. Unfortunately, the trace amount of copper 
inside the solder plays a critical role in intermetallic formation [17, 38-39, 41\ 
During soldering, the copper inside the solder bump move towards the solder/Ni 
interface and form the intermetallic compound together with tin and nickel as 
(Cu,Ni)6Sn5 [17, 38-40, 44]. The reliability and stability information of this 
intermetallic compound on flip chip products are not known to the electronic 
industry. 
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1.3 Review of the common intermetallic compounds 
1.3.1 Tin-copper intermetallic compound 
Intermetallics are compounds of metals whose crystal structure are different from 
the constituent metals. They have their own orientation and arrangement within 
each unit cell with their own composition and properties. The study of tin-copper 
intermetallic is very important in electronic industries because many electronic 
devices nowadays consists the tin or tin-rich solder on copper substrate in both 
printed circuit board and IC packages. Although the formation of the intermetallic 
layer is desirable for good connection between two metals, excessively thick layer is 
not desirable because of its brittle nature that makes it prone to mechanical failures 
even at low loads [10-11, 18, 20, 24-26]. Moreover, an excessively thick 
intermetallic may change the electrical properties of the junctions [20]. The 
resulting thickness of this intermetallic layer is particular importance to the integrity 
of the joint and thus the reliability of the electronic device. 
From the phase diagram for Cu-Sn, the intermetallic phases that are stable below 
30(f C are the 8 and r| phases. The 8 phase has an empirical formula of CusSn with 
a tin content from 23.7 to 27.1 at. %. The r| phase has an empirical formula of 
Cu6Sn5 with a tin content from 42.8 to 45.5 at. % [3, 10, 24, 31]. Both phases have 
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been identified by X-ray diffraction (XRD) and energy dispersive X-ray analysis 
(EDX) methods [10, 22, 24, 31]. 
At the solder/copper interface, only the two intermetallics mentioned above could 
be found. The r| phase Cu6Sn5 forms in scallop-like shape and the 8 phase CusSn 
forms in a thin uniform layer. The CueSns intermetallic compound grows as 
scallop-like grains into the molten tin solder, and results in very rough interfacial 
morphology between the solder and copper substrate [2, 10, 24-25, 45]. 
The formation of the Cu6Sn5 scallops can be described as follows. A schematic 
diagram is shown in Fig. 1.7. During reflow, the copper atoms from the UBM 
dissolve into the molten tin. The dissolution continues in both the longitudinal and 
transverse directions. The longitudinal growth increases the apparent thickness of 
the Cu-containing layer and enhances the scallop-shape while the transverse growth 
reduces the scallop-shape and tends to form a uniform layer [2, 19, 24-25:. 
Generally, the rapid dissolution of copper in longitudinal direction was observed 
faster than the transverse direction and therefore the scallop-shape was observed after 
the cooling. If the reflow time is long enough, some of the scallops can break from 
the interface, which become droplets inside the solder or move to the top surface of 
the solder. 
For the growth of tin-copper intermetallic, both numerical method and direct 
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Fig. 1.7 The possible growth mechanism for tin-copper intermetallic. 
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measurement method were reported by several research groups [2, 10, 24-25, 45-46], 
The average thickness of the intermetallic increases with longer reflow time and 
higher temperature [10-11, 20, 22, 25, 29-30]. The activation energies for forming 
the CueSns intermetallic are much lower than forming the CusSn intermetallic 
compound [3, 11, 22]. This indicates that the growth of CueSns would be much 
faster than CusSn under reflow conditions. Furthermore, the r| phase intermetallic 
prefers to form at sufficient tin supply and lower temperature (below 30(fC) [10-11, 
21]. Therefore the lower activation energy Cu6Sn5 always forms at the interface for 
tin-rich solder after reflow. The 8 phase intermetallic could not be easily observed 
just after reflow at temperature below SOCfC but it can be enhanced by performing 
the aging test or thermal cycling test [2, 19, 21-22, 26, 29, 31]. The formation and 
shape of tin-copper intermetallic are shown in Fig. 1.8. 
1.3.2 Tin-nickel intermetallic compound 
When pure tin solder is electroplated on the bonding pad with a layer of nickel, the 
tin-nickel intermetallic with structure NigSiu would form at the interface after reflow. 
Three equilibrium intermediate phases, - NisSn, NisSni, and Ni3Sn4 一 exist in the 
tin-nickel system [5, 23, 32]. However, in recent work it was found that NisSi^ is 
the only intermediate phase that grows in a diffusion system containing Ni (solid)-Sn 
17 
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Fig. 1.8 The backscattering SEM image of a pure tin bump on copper UBM after 
reflow: (a) whole bump, (b) the interface. 
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(liquid) at temperature between 235 and 600�C [32, 47-49]. For the composition 
measurement of NisSa^ intermetallic compound, the atomic concentration through 
the layer shows a steady 56.5-57.6 % tin and 42.4-43.5 % nickel [5, 15, 32, 48, 
50-51], This tin-nickel intermetallic has a property of rapid dissolution followed by 
rapid saturation and therefore the growth of this intermetallic would not become very 
thick even after a long time reflow [15, 32]. Moreover, the transverse growth of 
this intermetallic would become important after saturation, which increases the 
surface area and density of the layer so that the appearance of this intermetallic is flat 
and steady [5, 15, 34]. Therefore, an electroplated nickel layer between the solder 
and the copper substrate can act as a diffusion barrier to the growth of tin-copper 
intermetallics. The formation and shape of the tin-nickel intermetallic are shown in 
Fig. 1.9. 
1.3.3 Tin-nickel-copper intermetallic compound 
The eutectic tin-silver-copper is the most popularly used lead-free solder in the 
electronic industry for its low melting point and good wetting properties. However, 
the stability and reliability of this solder with other metal surfaces are in great 
concern. Without Cu, the reaction in the binary system of tin on nickel or in the 
ternary system of tin-lead on nickel leads to the formation of NisSiu [15, 32, 47-49’ 
19 
W : ：'-:；. , M 
^^^ j^mnjiiiiiniiiiiigiiiiiiiiiiiiiiiiiiiiiiiiiiiijiiggiijiiiiiigiiiiiiiiiiiii^ iiiij^ iiii^ iijiiiiij^ i^i^ ^^^^^ i^ 
(a) 
‘ -、一 • “ �V / 飞/ V 广“ ‘ . A . < r 广‘‘‘,,, 
jf ^ ‘ ^ 1 , ' J 4 A i 1 ^ r i / I r \ t « r ' { 
… ； , 々 / 、 ： “ ： 〜,厂,< 广： � ‘ � � - V “ ： 、 > % 
-V ：‘ , /；^，广 ：^ V \ 广*、 \ “ f ‘ 
mm 
(b) 
Fig. 1.9 The backscattering SEM images of a pure tin bump on nickel UBM after 
reflow: (a) whole bump, (b) the interface. 
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51]. With the presence of Cu in the tin-silver-copper solder, the formation of 
NisSru is suppressed. Instead, the CueSns intermetallic compound first forms at the 
interface followed by replacing some of the copper atoms by nickel atoms. The 
result is a compound that can be represented as (Cu,Ni)6Sn5. The composition of 
this intermetallic shows the tin concentration of about 45.5 at % which is equal to the 
tin content in CueSns system and the remaining 54.5 at. % is the total atomic 
concentration of copper and nickel [17, 38, 52-53]. The shape of this intermetallic 
is a bit irregular rather than the expected scallop-like shape for CueSns. The 
formation and shape of tin-nickel-copper intermetallic are shown in Fig. 1.10. The 
amount of Ni and Cu at the interface can therefore change with time as more Cu is 
replaced by Ni. Thus, the volume and density at the interface is changing, which 
causes reliability issues. 
1.4 The motivations and objectives of the study 
The situation discussed above shows that the problem of the intermetallic are 
serious in flip-chip technology and we need to understand the intermetallic formation 
process and control it. This research project was performed in co-operation with 
the Shipley Asia Ltd. We mainly focused on studying the intermetallic growth 
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Fig. 1.10 The backscattering SEM image of a tin-silver-copper bump on nickel UBM 
after reflow: (a) whole bump, (b) the interface. 
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during reflow and develop methods to control their growth. All the samples 
prepared and studied were realistic simulation of real manufacturing process. The 
objectives of this study are: 
1. To study the growth of tin-copper intermetallic and try to reduce the growth of 
this intermetallic by annealing method. The effect of the annealing would also 
be tested for tin-nickel and tin-nickel-copper intermetallics. 
2. Compare the growth between tin-nickel intermetallic to tin-copper intermetallic 
and show the effective of nickel UBM when used as a barrier. 
3. To study the growth of tin-nickel-copper intermetallic compound and show the 
instability of this layer by Auger analysis. 






In order to study the intermetallic growth, the samples of the solder bumps on 
either copper or nickel UBM were prepared. The pure tin and tin-copper solder 
bumps were electroplated on silicon wafers and the tin-silver-copper solder bumps 
were prepared on Cu or Ni pads of PCB substrates by placing the commercially 
available solder balls on it. The annealing method was applied to reduce the 
intermetallics growth and the results were analyzed by scanning electron microscopy 
(SEM) and scanning Auger microscopy (SAM). SEM can be used to image the 
intermetallic compounds at the solder/UBM interface and provide an accurate 
measurement of their thickness. The SAM technique can be used to measure the 
atomic composition and distribution of the intermetallic compounds. The solder 
bumps strength was measured by a ball shear tester. 
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2.2 Fabrication of wafer bumps 
2.2.1 Wafer lithography process 
4” and 6” silicon wafers with sputtered chromium and copper were purchased 
from MicroFab in Singapore. These wafers have 2000A of copper on 2000A of 
chromium on top of Si. The chromium layer provides good adhesion and the 
copper layer provides electrical conductivity and protection of the Cr layer. The 
schematic diagrams of the whole wafer bumping process were shown step by step in 
Fig.2.1. Firstly, the purchased wafer was cleaned by acetone followed by 
iso-propanol to remove surface grease and then photoresist was coated using a 
spin-coater in Fig.2.2. The TOK3000 and Shipley BPRIOO photoresist were used in 
this study for making SOjiim and lOOjum heights solder bumps, respectively. The 
photoresist after coating was first treated with a soft baking at 100-120°C to 
evaporate the solvent and fix the coating height. Then the edge bead removal 
process was performed to avoid the exceed thickness of photoresist near the edge of 
the wafer to interfere with the mask alignment process. The photoresist was then 
patterned by UV exposure for positioning the solder bumps on the silicon wafer. 
The UV light has the intensity of 900mjoule/cm^ 
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Step 1: Coating with Photoresist 
(a) 
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Step 2: Patterning the photoresist 
by UV exposure and development 
(b) 
Fig. 2.1 The schematic diagrams (a-g) of the wafer bumping process. 
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Step 4: Electroplating of the solder bump 
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Step 7: Reflowing solder bumps 
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Fig. 2.2 The photoresist spin-coater with the spin-coating part at the centre, and the 
post-baking heat plate at the left. 
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The TOK3000 and BPRIOO are the negative photoresist. The cross-linking of the 
photoresist occurs when the UV light initiates the reaction. Therefore a bright field 
mask should be used to protect the bump area from UV source for keeping the 
photoresist unreacted. A lOOium opening bright field mask was used in this 
experiment. The unreacted photoresist was dissolved using a suitable developer. 
For TOK3000, the developer is inorganic based with carbonates as the active 
ingredient. For BPRIOO, the developer is organic based with 
tetramethylammonium hydroxide as the active ingredient. The SEM image of a 
patterned silicon wafer was shown in Fig. 2.3. The well patterned silicon wafer was 
then ready for electroplating the UBM and solder. All the above process was 
perform inside a Class 5000 dean-room to avoid dust particles sticking onto the 
wafer, which would greatly affect the reproducibility and quality of the pattern. 
2.2.2 Electroplating process 
After the wafer lithography process, the well patterned silicon wafers were ready 
for electroplating of the UBMs and solder bumps. For electroplating of Cu or Ni 
UBM, the patterned wafer was first etched by 5% HCl solution to remove the surface 
oxide. Then a layer of copper with thickness of 5-6 microns using the Shipley 
Cupronal BP copper bath or nickel with thickness of 5-6 microns using the Shipley 
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Fig. 2.3 The SEM image of the patterned photoresist after UV exposure. 
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MP-200 nickel bath was electroplated on a patterned wafer. This process is 
specifically formulated to provide uniform and bright copper or nickel deposit for 
wafer packaging application. The SEM image of Cu UBM plating on a silicon wafer 
was shown in Fig.2.4. 
Near eutectic tin copper alloy (Shipley experimental product TC-2000 for 0.7-1 
wt% of Cu in the deposit) and pure Sn (Shipley experimental product Solderon 
XP-7179) was electroplated on the patterned silicon wafer with UBM using a 
fountain plating machine (Fig.2.5). The fountain like electroplating solution was 
jetting on the patterned silicon wafer from the bottom. The flow rate of the plating 
solution can be up to 12 Liters/per minute and the fast solution flow allows plating at 
high speed. The electroplating process mentioned above was performed at room 
temperature. For using the TOK3000 photoresist, the plating height was about 
SOjLim and it was suitable for interface study. For the samples using the BPRIOO 
photoresist, the plating height was about 75-80|Lim. This kind of samples was 
suitable for both interface study and ball shear strength measurements. 
2.2.3 Photoresist stripping 
The patterned photoresist was removed after the solder plating. The TOK3000 or 
BPRIOO photoresist was stripped using its own stripper. Generally, the photoresist 
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Fig. 2.4 The SEM image of the electroplated Cu UBM on a silicon wafer. 
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Fig. 2.5 The fountain plating station for wafer electroplating with the plating 
chamber at the bottom, and the control panel at the top. 
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can be stripped in 2 to 5 min. In some cases, the photoresist cannot be stripped clearly 
due to too thick photoresist coated or high degree of polymerization. We should try to 
clean it as much as possible because the photoresist residue may affect the spherical 
formation of the solder bumps during the reflow process. The ultrasonic bath with 
acetone and iso-propanol cleaning are efficient in solving this problem. 
2.2.4 Etching of sputtered Cu 
The copper sputtering layer etching is needed after stripping the photoresist due to 
the high wetting property of copper. The solder alloy electroplated on the UBMs may 
spread on the Cu sputtering layer during reflow if this layer has not been removed. In 
this project, the Cr layer was not etched because it does not affect the studies in later 
steps. In this study, the Cu sputtering layer was etched by Cuproetch BP (Shipley 
experimental product) until the layer was completely removed. Currently, it is 
demonstrated that the Cuproetch BP is compatible with Shipley's eutectic Sn/Pb plated 
products. For the lead-free (Sn/Cu and Pure Sn) bumps, the solder was slightly etched 
during the Cu etching step. However, the removed solder material is not significant 
for the purposes of this work. The SEM picture of a bump after Cu etching is shown 
in Fig. 2.6. 
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Fig. 2.6 The SEM image of an electroplated solder bump after the removal of 
photoresist and UBMs. 
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2.2.5 The sample preparation for tin-silver-copper solder 
For the tin-silver-copper solder, Shipley does not have a suitable bath for 
electroplating. It is very difficult to well control the composition ratio of three 
elements inside a solder bump. A large number of controlling ligands should be added 
in the plating solution causing the bath life of this solution to be short. Therefore, the 
commercial available tin-silver-copper solder balls were used in this research. The 
tin-silver-copper solder balls with 0.4 mm diameter and 95.5 wt. % tin, 4.0 wt. % silver, 
0.5 wt. % copper composition were placed on the copper or nickel pads of printed 
circuit board substrates. 
2.2.6 The reflow of electroplated bumps 
After the stripping of photoresist and etching of sputtered Cu UBM, reflow was 
performed to form sphereical bumps. The reflow was performed in a 5-zone reflow 
oven (SIKAMA Flacon 8500) as shown in Fig. 2.7. This reflow oven has four 
pre-heating zones before the peak zone. Furthermore, a suitable amount of flux 
(WS-609) was placed on the bumps surface before putting through the oven. It is a 
mild organic acid for removing the surface oxide of the bump. Different reflow 
profiles were used for different lead-free since the melting point of each solder were 
different. For pure Sn, the 5-zones reflow profile was 100, 125, 140, 160, 260�C 
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Fig. 2.7 The SIKAMA Flacon 8500 5-zone reflow oven. 
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with 25 sec dwell time for each zone. For tin-copper alloy, the 5-zone reflow profile 
was 75, 125, 125, 150, 260�C with 25 sec dwell time for each zone. For 
tin-silver-copper alloy, the 5-zone reflow profile was 100, 140, 140, 170, 265�C with 
25 sec dwell time for each zone. These reflow conditions were tested for successful 
reflow which can allowed the complete formation of a spherical shape of the solder 
bumps. The SEM images of the reflowed bump was shown in Fig. 2.8. 
2.3 Additional treatment steps 
In order to achieve the objectives I mentioned in Chapter 1, some additional 
experimental steps were done during the wafer bumping process. On the other hand, 
for studying the long term reliability of the samples, an industrial aging test was 
performed after sample fabrication. 
2.3el Annealing 
After photoresist stripping and Cu sputtering layer etching, the wafer and PCB 
samples were either reflowed directly or annealed in an oven followed by reflow. 
For annealing, the samples were placed inside an oven at 180°C for 4 hours. This 
annealing condition can form an uniform intermetallic layer by diffusion and this 
layer can be used to reduce the rapid intermetallic growth during reflow. We have 
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Fig. 2.8 The SEM image of a reflowed bump. 
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compared the intermetallic growth of the samples with or without annealing to show 
the effect of this process and the results were shown in Chapter 3. 
2.3.2 Multiple reflows 
Multiple reflow was used for simulating the real manufacturing condition. The 
samples were fed back into the reflow oven after completion of each reflow. The 
samples after one time, five times and ten times reflows were collected for further 
interface study. 
2.3.3 Thermal-cycling 
The long term reliability concern in flip-chip technology is the high thermal 
mismatch and deformation between the silicon die and the substrate that results in 
large solder joint stresses and strains causing fatigue failure. The thermal-cycling 
test is a standard aging method to test the product in long term reliability. In this 
project, a 500 cycle thermal-cycling test was performed on all the samples after 
multiple reflows and then followed by the ball shear test. The ball shear test results 
can indicate which samples can reach the industrial requirements in long term 
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using. The thermal-cycling test was followed the JEDEC^ standard with the 
temperature between -65 to 150�C. The samples were automatically transferred 
between -65°C chamber and 150®C chamber for 15 minutes staying in each chamber. 
The transition between the two chambers was completed within 10 seconds. The 
thermal shock test chamber (Feutron GmbH TSRK 200) was used in this experiment. 
2.4 Characterization 
2.4.1 The cross-section analysis 
For studying of intermetallic growth, we have to analyze the cross-section 
interface of the bump. The required results were obtained by using the SEM and 
SAM techniques. 
2.4.1.1 Sample preparation 
For cross-sectional analysis, the samples were first cleaved, followed by mounting 
inside a resin. The cleaved surfaces were then successively grounded using silicon 
carbide paper with grits #220, #400, #1200, #2400, #4000 and a O.OSjim AI2O3 
1 The JEDEC Solid State Technology Association is the semiconductor engineering standardization 
body of the Electronic Industries Alliance, a trade association that represents all areas of the 
electronics industry 
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suspension. All of them were obtained from Struers. SEM (Leo 43 5VP) and 
SAM (Phi model 670) were used to image the intermetallic interface and determine 
the elemental composition. Since the insulating surface of the resin would build up 
surface charge during both the SEM and SAM, analyses, a conductive layer is 
required to make the sample surface conducting. A layer of conductive gold with 
thickness of 150A was sputtered on the samples surface using a gold sputtering 
machine. A conducting carbon tape was connected from the sputtered gold surface 
to the aluminium SEM sample holder and stainless steel SAM sample holder. For 
SAM analysis, the gold layer on the small area to be analyzed was subsequently 
removed by argon sputtering. 
2.4.1.2 Scanning Electron Microscope (SEM) 
SEM was used to image the intermetallic compounds at the solder/UBM interface 
and provide an accurate measurement of their thickness in this research. A LEO 
435VP environmental SEM in Fig. 2.9 with tungsten filament was used in this study. 
SEM is a powerful magnifying machine which can show the image clearly up to 
100kx-200kx. The difference between the SEM and optical microscope is that the 
electron beam is used for collecting the surface information in SEM instead of light. 
The SEM was used in this research because the common optical microscopes have 
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Fig. 2.9 The LEO 435 VP Scanning Electronic Microscope. 
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the limit of magnification around lOOOx and it cannot show the micro-structure 
clearly. In order to enhance the contrast of the intermetallic compounds in the SEM 
image, the back-scattering mode was used to study the intermetallic formation at the 
solder/UBM interface. The calibrated measuring tool in the SEM operating 
software was used to measure the maximum intermetallic growth of the samples. 
The principles of SEM are shown in the following. 
A 20keV voltage is applied to the filament, causing it to heat up. The anode, 
which is positive with respect to the filament, causes electrons to accelerate toward 
the anode. The beam is attracted through the anode, condensed by a condenser lens, 
and focused as a very fine point on the sample by the objective lens. The scan coils 
deflect the beam back and forth in a controlled pattern on the sample surface. 
When the electron beam fall onto the sample surface, the interaction between the 
electrons and sample would produce a large number of low energies secondary 
electrons and backscattered electrons. The intensity of these secondary electrons is 
largely governed by the surface topography of the sample. An image of the sample 
surface can thus be constructed by measuring secondary electron intensity as a 
function of the position of the scanning primary electron beam. The secondary 
electrons are coming from the top surface region. 
In addition to low energy secondary electrons, backscattered electrons are also 
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generated by primary electron bombardment. When the primary electrons bombard 
with the sample atom it will rebound back with some energy lost. The larger the 
atomic size the higher the rebound opportunity of the primary electrons. Therefore 
high intensity of backscattered electrons can be correlated to the elements of high 
atomic numbers within the sampling volume and the low intensity of the 
backscattered electrons can be correlated to the elements of low atomic numbers. 
Hence, some qualitative elemental information can be obtained. 
2.4.1.3 Scanning Auger Microscope (SAM) analysis 
In this research, we used Auger mapping to generate images that illustrate the 
distribution of elements，Auger point analysis to determine the elemental 
composition for individual components and Auger line scanning to study the change 
of elemental composition across the interface. In addition, since the sputtering rates 
of argon ion on different materials and materials of different orientations are not the 
same, we used argon sputtering to produce images that clearly show the 
microstructure of the interfaces. 
In SAM (Phi model 670 in Fig. 2.10), a high energy (10 keV) primary electron 
beam is focused on the sample. This bombardment results in the emission of 
secondary electrons, backscattered electrons, and Auger electrons that can be 
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Fig. 2.10 The Phi model 670 Scanning Auger Microscope. 
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detected and analyzed. The secondary and backscattered electrons are used for 
imaging purposes similar to that in SEM. The Auger electrons are emitted at 
discrete energies that are characteristic of the elements present on the sample surface. 
All elements in the periodic table, except hydrogen and helium, can be detected, and 
the depth of analysis is in the range of 3 - 5 nm. As the electron beams can be 
focused to a very small probe size, SAM has excellent spatial resolution (0.4 
|Lim). The detection limit for concentration is 0.1-1% in this experiment. 
The kinetic energy of an Auger electron is equal to the energy difference of the 
singly ionized initial state and the doubly ionized final state. For an arbitrary Auger 
ABC transition in an atom number z, the kinetic energy of an Auger electron is given 
by the difference in the binding energies of the energy levels A, B and C: 
EABC(Z) =EA(Z)-EB(Z)-E\(Z) - (ps ( 2 - 1 ) 
The spectrometer work function (ps included in the equation when the energy of an 
electron is measured. E* is the binding energy of a level in the presence of a core 
hole and is greater than the blinding energy of the same level in a neutral atom. 
The electron energy analyzer used in the Auger system is a Cylindrical Mirror 
Analyzer (CMA). Electrons were detected as discrete events, and the number of 
electrons of kinetic energy E during a specific detection time, N(E), was stored 
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digitally or recorded using analog circuitry. The spectrum was plotted as 
EdN(E)/dE versus E. To get the EdN(E)/dE spectra, numerical differentiation was 
applied to the spectra. The energy positions of the spectral features can be used to 
identify the elements. 
Quantitative information may be obtained from the Auger peak intensities for each 
of the elements present in the analysis volume. The measured Auger intensity is 
given by: 
li 二 Ip Ni Oi Ji (1 +rj A cosO FTDR (2-2) 
Where: 
li = Auger intensity for the ABC transition of element i 
Ip = Primary electron beam current 
Ni 二 Number of atoms of the element I per unit volume 
Oi = Ionization cross section for the A level of element i 
Yi - Auger transition probability for the ABC transition of element i 
r 二 Secondary ionization for the A level of the element I by scattered 
electrons (backscatter effect) 
X = Inelastic mean free path 
0 = Angle between Auger electron and surface normal 
F = Analyzer solid angle of acceptance 
T = Analyzer transmission function 
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D = Detector efficiency 
R = Surface roughness factor (0<R<1) 
The atom density of element I Ni, is the product of the total atom density, p, and the 
atomic concentration of element I, Xi. 
Therefore, 
Ni 二 pXi (2-3) 
Equation 2-2 and 2-3 can be used to solve for Ni, the number of I atoms per unit 
volume: 
Ni - pXi (2-4) 
Ipcn]4(l + r)入 COS0FTD 
The denominator in Equation 2-4 is defined as the sensitivity factor Si. The general 
express for determining the atomic concentration of any constituent in a sample Xa, 
can be written as: 
= — = (2-5) 
ZNi j:ii/Si 
This expression was the one we used in our Auger experiments and the sensitive 
factors were provided by the equipment manufacturer. 
2.4.1.3.1 The experimental conditions 
The Auger point analysis, cross-sectional Auger mapping and line-scanning 
analysis were studied with the PHI SAM 670 system, using electron beam setting of 
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lOKv and lOnA. The beam size of this SAM was about 40nm. The normal 
chamber pressure of the SAM is in order of 10"^  Torr. The pressure during argon 
gun sputtering action was in order of 10'^  Torr. 
2.4.1.3.2 Auger mapping analysis 
The Auger mapping technique can generate Auger elemental maps which can 
display the presence and the distribution of elements of interest within the area 
analyzed. The Auger elemental mapping was obtained by the scanning of the 
electron beam over a selected area. For example, the tin and copper mappings in 
this research require the electron beam to scan in 24|um x 30|Lim area. The 
intensities of the elements were measured between the selected peak energies and 
background energy. The contrast of the mapping would represent the relative 
concentrations of the element at different regions of the map. 
2.4.1.3.3 Line scanning analysis 
For this technique, the electron beam was scanned across the interfaces. Auger 
signals were acquired at each point on the line and converted into atomic 
concentration. In this research, the electron beam was scanned across the interface 
with 2.5-4 |Lim thick and 128 points were divided in this line for composition analysis. 
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At each point, spectra of the elements of concern were measured. This allowed us 
to obtain a profile with continuous changing of atomic % of the elements versus 
interface positions. 
2.4.2 The reliability test for solder bumps 
In the real flip-chip manufacturing, the output products should pass some 
industrial reliability tests before selling. The ball shear test was performed to 
measure the bump shear forces. For each measurement, failure mode was 
determined. 
2.4.2.1 Measurement of the solder bump's strength 
The solder ball's strength of the samples with or without annealing after multiple 
reflows and also thermal-cycling test were measured for studying the reliability. A 
Dage 4000 instrument (Fig. 2.11) with a fixture suitable for both wafer bumps and 
PCB bumps was used. For the wafer samples, the bumps had a bump diameter of 
lOO^m and a height of about 75|im (samples using BPR-100 photoresist). For the 
PCB samples, the bumps had a bump diameter of 0.4mm and a height of about 
0.35mm. It was found that when the bump height was less than half of the bump 
diameter, the samples were not suitable for ball shear test. All the reflowed samples 
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Fig. 2.11 The Dage 4000 ball shear tester. 
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were stored at room temperature for 2-3 days to allow the strength of the solder to 
become stable before the ball shear test was performed. Ten bumps were tested for 
each for the samples. Individual samples were loaded into the fixture and held 
against the jaws in the direction of motion of the shear tool as shown in Fig. 2.12. 
The shear tool moved at a specified speed of SOOjam/s at a shear height slightly 
below one-third of the bump height. The failure mode was recorded for each solder 
ball. It was found that if the shear height was above half of the bump height, a large 
fraction of failures were produced due to the separation between the UBM and 
silicon. 
2.4.2.2 The ball shear test requirements 
In order to pass the ball shear test, the samples should meet the several 
requirements. The failure of the samples should show a strong adhesion between 
the solder and UBM. Two failure modes can show a strong adhesion, which are the 
solder fracture and under bump fracture. For solder fracture, the shear tool will 
shear off the solder of the bumps which means the strength of intermetallic interface 
is stronger than the solder. On the other hand, the under bump fracture means the 
solder bumps lift off the bonding pad together with the UBMs. This is due to the 
bad adhesion of sputtering Cr/Cu layer on the silicon wafer. The possible failure 
modes were shown in Fig. 2.13. 
53 
I I 
Shear probe I t Stage movement 
_ direction 
V,....: ‘ ,1 





_ ^ _ 
(c) 
Fig. 2.13 The possible failure modes of the ball shear test (a) solder fracture, (b) 
interface fracture, (c) under bump fracture. 
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In addition to the failure modes, the shear forces of the samples should also pass 
the requirements. The shear forces needed to pass the test are proportional to the 
area of the solder bump soldered on the UBMs (the area of the bonding pad). We 
chose a reference shear force of over 2.5g/millinch^ that used in a manufacturer. 
For the samples with lOOjum diameter, the shear forces should over 30 grams. For 
the samples with 0.4 mm diameter, the shear force should over 487 grams. 
In this thesis, we used the student's t-test to evaluate the difference of the ball 
shear data obtained. The two set of data has no significant difference if they can 
fillful the equation: 
X -X in the range of ±tSspooi | 肌 + ^^ 
V mm 
where: 
t = 2.26 for degree of freedom 9 at 95% confidence level 
s - � i 二 r ( M - l ) + ( ^ 2 - l ) ^ 
N1 and N2 = numbers of bumps tested for each sample 
The Student's t-test results are shown on the interfacial strength measurement section 
of Chapter 3,4 and 5. 
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CHAPTER 3 
The metallurgy and stability of the 
Sn/Cu interface for lead-free flip-chip 
application 
3.1 Introduction 
As mentioned in Chapter 1, the tin-copper intermetallic compound forms at the 
solder/Cu UBM interface during reflow. Without lead, the dissolution rate of 
copper into the molten tin increases rapidly and causes the formation of a thick 
intermetallic layer at the interface. This intermetallic compound was found inside 
and also on the surface of the solder bump. The intermetallic presents on the bump 
surface affects the wetting properties of the solder. Therefore, controlling the 
growth of the tin-copper intermetallic is essential for a successful flip-chip 
production. In this chapter, the intermetallic growth at the tin/copper interface will 
be discussed. In addition, the pre-annealing process which can significantly slow 
down the copper dissolution during reflow will be demonstrated. The ball shear 
forces and failure modes of all the samples were recorded for studying their 
reliabilities. 
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3.2 The problems of Sn/Cu intermetallic 
The formation rate of the tin-copper intermetallic compound during reflow is 
much faster in lead-free solder than traditional tin-lead solder. In a real case, the 
copper containing compounds floating at the top of the solder bump after reflow 
affected the wetting properties of the solder and caused the failure in flip-chip 
bonding. We analyzed this problem by using the SEM and SAM techniques and the 
results were shown in Fig. 3.1. The cross-section of the bump in Fig. 3.1a shows 
the eutectic SnCu bump on copper UBM before reflow. No intermetallic droplet 
was found at the interface and inside the bump. However, for the cross-section of 
the same bump in Fig 3.1b after treating by an excessive reflow for about 10 minutes 
at a peak temperature of 265''C, the scalloped shape tin-copper alloy was found at the 
interface of the bump and UBM. The droplets of the same alloy were found inside 
the reflowed bump. As a result, it shows that the copper compound at the top of the 
bump may probably come from the copper UBM during reflow. 
Apart from the wetting property, the thick intermetallic layer formation may also 
affect the strength of the solder bumps. It is reported that too thick the intermetallic 
growth (about 5-7jLim) at the interface and also the intermetallic droplets inside the 
solder would weaken the strength of the bump. [20, 25-26] Therefore，an effective 
method should be considered to control this intermetallic growth for preparation of 
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Fig. 3.1 The cross-section SEM images and Auger maps of a SnCu bump (a) before 
reflow (b) after reflow for 10 minutes. 
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the coming lead-free flip-chip manufacturing. 
In order to solve this problem, a series of experiments were done in this research. 
The annealing method was introduced to control the growth of intermetallic 
compounds. The samples were placed in an oven before reflow for the formation of 
a uniform intermetallic layer at the interface by diffusion. This uniform 
intermetallic layer can act as a barrier to reduce the Cu dissolution rate during reflow. 
Multiple reflows were performed for all the samples to simulate the conditions in real 
manufacturing. Finally, the ball shear test was done to show the interfacial strength 
of the samples can reach the flip-chip manufacturing requirements. 
3.3 The annealing method and multiple reflow 
3.3.1 The annealing solving approach 
In order to solve the rapid dissolution of Cu at the Sn/Cu interface during reflow, 
the addition of a nickel capsulation on the copper UBM is a common method in 
flip-chip manufacturing industry. [15, 32, 37] The growth rate of the tin-nickel 
intermetallic compound is much slower than the tin-copper intermetallic compound 
and therefore nickel is suitable for acting a physical barrier between solder and Cu 
UBM (This will be discussed in Chapter 4). However, the nickel layer insertion 
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Step during the flip-chip manufacturing will increase the production cost and 
complexity. The motivation of using the annealing method is that it can generate an 
internal barrier to control the intermetallic growth without increasing the production 
cost A uniform tin-copper intermetallic layer was formed at the Sn/Cu interface by 
annealing as shown in Fig. 3.2b. 
3.3.2 The basic theory of annealing 
In this study, some of the samples were placed in an oven with the temperature 
below the melting point of the solders for annealing. During the annealing, copper 
from the substrate slowly diffused inside the solder bump to form a uniform layer of 
intermetallic at the Sn/Cu interface. Based on the tin-copper phase diagram in Fig. 
3.3, the Tj phase CueSns intermetallic has a higher melting point than that of tin or 
eutectic tin copper. Therefore, the uniform intermetallic layer will remain in solid 
state during reflow and block the direct connection between the molten tin and Cu 
UBM. This intermetallic layer can act as a temporary barrier to reduce the rapid 
dissolution of Cu from the UBM. We tried different annealing temperatures 
between lOO^C and 180°C, and as expected, the higher the annealing temperature, the 
faster the formation of the intermetallic layer. We selected an annealing condition 
of 180�C for four hours, which gave complete coverage of the intermetallic at the 
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(b) Fig. 3.2 The SEM back-scattering image of the samples before reflow (a) without 
annealing (b) after annealed in 1 8 0 � �f o r 4 hours. 
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Fig. 3.3 Part of the Sn-Cu phase diagram [55]. 
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interface. 
3.3.3 Multiple Reflows 
As mentioned in Chapter 2, multiple reflow cycles were used to simulate the 
reflow condition of actual flip-chip manufacturing. For a flip-chip product, it 
cannot be finished by only one time of reflow. A series of reflows are required in 
the manufacturing process, which includes reflow to form ball-shape solder bumps, 
reflow with flux to remove surface oxides, reflow to form flip-chip bonding and 
reflow during the assembly steps. In this study, the samples were reloaded into the 
reflow oven with a suitable reflow profile for a maximum of ten reflows. It is 
expected that in a normal manufacturing process, the number of reflows will not 
exceed 10 times. 
3.4 Results and discussion 
3.4.1 The sample discripion 
The eutectic SnCu and pure tin solder were electroplated by the wafer bumping 
process with a 5-6|LLm thick copper UBM as substrate. The annealing step was 
performed on half of the samples before reflow. After that, all the samples were 
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reflowed in a 5-zones reflow oven repeatly for maximum ten times. The samples 
after one time, five times and ten times reflows were collected for the cross-sectional 
SEM and Auger analysis. 
3.4.2 The identification of the components in the structure 
A detailed cross-sectional analysis of a tin copper bump on copper UBM after 10 
times reflow was shown in Fig. 3.4. On this sample, the scalloped structure at the 
interface was similar to the sample in Fig. 3.1b, but no intermetallic droplets were 
found near the surface of the bump or inside the bump. The Auger elemental maps 
in Fig. 3.4a and Fig. 3.4b show the scallop-shape area had both tin and copper signals. 
The Auger point analysis in Fig. 3.5 suggested that this scallop shape region had 41.2 
atomic % of tin and 58.8 atomic % of copper� This atomic precentage measurement 
suggested that the r| phase CueSns intermetallic compound was formed. Other 
research groups confirmed that the scallop structure is the r| phase Cii6Sn5 
intermetallic compound using XRD [24, 31]. In the Auger chamber, we used the 
Auger sputtering gun to enhance the contrast of the image because different materials 
and material of diffemet orientations have different sputtering rates. After the 
sample was sputtered by Ar ions that removed about 200mn of material from the 
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Fig. 3.4 The tin copper on copper UBM after 10 times reflow (a) Auger Sn map, (b) 
Auger Cu map, (c) SEM whole bump, (d) Ar gun enhanced interface. 
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Fig. 3.5 The point Auger analysis of the tin-copper intermetallic region. 
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Such form of scallop-structure was very different from the layer structure of the r\ 
phase Cu6Sn5 intermetallic at the tin/copper interface formed by annealing as shown 
in Fig. 3.6. This scallop-structure suggested that the intermetallic was not formed 
by simple diffusion between tin and copper. During reflow, the molten tin 
aggressively dissolves the underlying copper and forms such a type of a non-uniform 
scalloped structure at the interface. With repeated reflow, the height of the scallop 
increases. 
For pure tin bumps on Cu UBM, a similar scalloped structure can be found at the 
interface as shown in Fig. 3.7. We assumed that the intermetallic growth properties 
of SnCu bump on Cu UBM are similar to pure Sn bump on Cu UBM since the 
copper concentration inside the SnCu bumps was very small (only 0.7wt. %). 
Therefore, we only chose the pure Sn bump on Cu UBM samples for measuring the 
intermetallic growth in this study. 
3,4.3 The Sn/Cu intermetallic growth in multiple reflow and the 
effect of annealing method 
3.4.3.1 The Sn/Cu intermetallic growth for the sample without annealing 
Backscattering images of the interfaces with different numbers of reflows are 
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Fig. 3.6 The backscattering SEM image of a tin copper bump on copper UBM after 
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Fig. 3.7 The pure Sn bump on Cu UBM (a) Auger Sn map, (b) Auger Cu map, (c) 
SEM image of the whole bump. 
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shown in Fig. 3.8, 3.9 and 3.10. The maximum heights of the tin-copper 
intermetallic were measured using the calibrated ruler inside the SEM instrument. 
The maximum height of the intermetallic growth was studied in each sample because 
the maximum height can be measured and compared to other samples easily. The 
intermetallic heights were measured for the bumps after one time reflow, five times 
reflow and ten times reflow. For the intermetallic measurements of the samples 
without annealing, the maximum heights for the sample in one time reflow, five 
times reflow and ten times reflow were 2.4|Lim, A.l\xm and 8 . 7 j L i m respectively. The 
result measurements show that the tin-copper intermetallic compound at the 
solder/UBM interface was growing continuously as the numbers of reflow increase. 
The difference of the maximum intermetallic growth between one time and ten times 
reflow was 6.3jLim. 
3.4.3.2 The Sn/Cu intermetallic growth for the sample with annealing 
For the intermetallic measurements of the samples with 180��annea l ing for 4 
hours, the maximum heights for the sample after one time reflow, five times and ten 
times reflow were LSjum 2.8|Lim and 4.9jLim as shown in Fig 3.11, Fig. 3.12 and 
Fig.3.13, respectively. The difference of the maximum intermetallic growth 
between one time and ten times reflow was 3. Ijum. 
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Fig. 3.8 Measurement of maximum height of intermetallic at the tin/copper interface 
on the backscattering SEM image for a sample after one time reflow without 
annealing (a) whole bump and (b) detail of the interfacial intermetallic 
structure. 
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Fig. 3.9 Measurement of maximum height of intermetallic at the tin/copper interface 
on the backscattering SEM image for a sample after five times reflow 
without annealing (a) whole bump and (b) detail of the interfacial 
intermetallic structure. 
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Fig. 3.10 Measurement of maximum height of intermetallic at the tin/copper 
interface on the backscattering SEM image for a sample after extreme ten 
times reflow without annealing (a) whole bump and (b) detail of the 
interfacial intermetallic structure. 
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(b) 
Fig. 3.11 Measurement of maximum height of intermetallic at the tin/copper 
interface on the backscattering SEM image for a sample after one time 
reflow with annealing (a) whole bump and (b) detail of the interfacial 
intermetallic structure. 
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Fig. 3.12 Measurement of maximum height of intermetallic at the tin/copper 
interface on the backscattering SEM image for a sample after five times 
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(b) 
Fig. 3.13 Measurement of maximum height of intermetallic at the tin/copper 
interface on the backscattering SEM image for a sample after extreme ten 
times reflow with annealing (a) whole bump and (b) detail of the 
interfacial intermetallic structure. 
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3.4.3.3 Comparison of the Sn/Cu intermetallic growth of the samples with or 
without annealing 
The comparison of the maximum intermetallic growth between the samples with 
or without annealing in one time reflow was not much in difference. However, for 
the comparison between the samples after ten times reflow as shown in Fig. 3.10 and 
Fig. 3.13, the annealed sample gave a much smaller maximum height of intermetallic 
structure. The maximum intermetallic height was reduced from 8.5jum for the 
non-annealed sample to 4.9|Lim for the annealed sample after ten times reflow. The 
intermetallic layer of the annealed sample after ten times reflow is much uniform 
than the samples without annealing since the maximum height of each scallop are 
nearly the same. Therefore it is not easy for intermetallic to break off from the 
interface for the annealed samples. The graph compared the maximum growth 
heights of tin-copper intermetallic for the samples with or without annealing after 
multiple reflow was shown in Fig. 3.14. 
3.4.4 Interface strength measurement 
3.4.4.1 The ball shear test for the samples after multiple reflow 
The solder bump strength measurement is very important in studying the 
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Fig. 3.14 The effect of the annealing on the maximum thickness of the intermetallic 
at the tin/copper interface. 
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reliabilities of the flip-chip products. The failure modes and shear forces of the 
solder bumps should pass the commercial standards which mentioned in Chapter 2. 
In this project the ball shear strengths of the samples with or without annealing were 
studied after one time reflow, five times reflow and ten times reflow. The 
electroplated bumps were sheared off with a suitable ball shear machine at nearly 1/3 
of the bump from the substrate. The shear forces and failure modes of the solder 
bumps were recorded for the samples after reflow and the samples after 500 cycles 
thermal-cycling test. 
An experiment on the relationship between ball shear force and the time after 
reflow was performed. It was found that the shear forces of the solder ball continue 
to drop and become stable after two days. Therefore, all the reflowed samples were 
stored at room temperature for 2-3 days to allow the strength of the solder to become 
stable before the ball shear test was performed. For the results, we only observed two 
types of failure modes. The failure occurred either inside the solder or between the 
UBM and the silicon wafer as shown in Fig. 3.15. The occurrence of the failure 
mode in Fig. 3.15b is due the bad adhesion of chromium/copper sputtering layer on 
silicon wafer and thus the shear forces of these failure samples were not counted in 
the average value. The solder fracture mode suggests that the interfacial strength of 
the samples is stronger than tin solder. 
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Fig. 3.15 The failure modes (a) crack inside the solder and (b) crack at the 
UMB/Silicon interface. 
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Furthermore, the shear forces of the tin solder bumps after different numbers of 
reflow were measured between 30-40 grams and all of them can pass the reference 
value for 100|Lim bump diameter (mentioned in Section 2.4.2.2). 
It was reported that an intermetallic height over 5-7jLim can weaken the interface 
and cause failure at the interface. Such an issue was not observed in the present 
study probably due to the absence of intermetallic droplets separate from the 
scalloped structure. The ball shear forces and the standard deviation are shown in 
Table 1. The ball shear forces for the samples with or without annealing have no 
significant difference using Student's t-test under 95% confident limit at different 
number of reflows. This is because the mean differences of all the samples 
calculated from the reference value were smaller than the calculated confidence 
limits. The values of ball shear forces, mean differences and confidence limits are 
shown in Table 3. 
3.4.4.2 The ball shear test for the samples after thermal-cycling 
For the long term reliability, all the samples after different numbers of reflow were 
performed a 500 cycles thermal-cycling test. Both the shear forces and failure 
modes obtained were similar to the samples mentioned in Section 3.4.4.1. This 
shows that the tin solder and Sn/Cu interface strengths of the samples would not 
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decrease after a long time aging. The ball shear forces and the standard deviation 
are shown in Table 2. The ball shear forces for the samples with or without 
annealing after thermal-cycling have no significant difference when compared to the 
values of all the non-thermal-cycling samples using Student's t-test under 95% 
confident limit. This is because the mean differences of all the samples calculated 
from the reference value were smaller than the confidence limits. The values of ball 
shear forces, mean differences and confidence limits are shown in Table 4. 
The differences of the measured mean values for all the samples were found to 
be due to random errors as evaluated by the Student's t-test. This is consistent with 
the failure mode of solder fracture because the bonding force inside the tin solder 
should be the same for all the samples. 
3.5 Conclusion 
The interfaces of tin and eutectic tin copper solders on copper UBM change 
dramatically with reflow because of the dissolution of copper into the molten tin to 
form CueSns intermetallic compound. An annealing step can be applied before 
reflow to form a uniform intermetallic layer at the interface which uses to reduce the 
copper dissolution into solder during reflows. The ball shear test shows the solder 
fracture failure mode for all the samples which means the strength of the tin/copper 
interface is stronger than the tin solder material. 
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One time reflow Five times reflow Ten times reflow 
Average Std Average Std Average Std 
Shear force Dev. Shear force Dev. Shear force Dev. 
(gram) (g) (gram) (g) (gram) (g) 
Sn bumps 
35.6 1.7 37.3 1.8 35.0 2.5 
on Cu 
Sn bumps 
on Cu after 37.1 2.1 36.7 2.2 35.3 2.1 
annealing 
Table 1 Summary of the ball shear strength tests of Sn bumps on Cu UBMs after 
multiple reflow. 
One time reflow Five times reflow Ten times reflow 
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Average Std Average Std Average Std 
Shear force Dev. Shear force Dev. Shear force Dev. 
(gram) (g) (gram) (g) (gram) (g) 
Sn bumps 
en Cu after 3 9 3 , 0 2.3 34.9 1.4 
thermal 
cycling „ _ _ _ 
Sn bumps 
on Cu after 
annealing 35.7 1.6 36.3 2.0 33.8 2.1 
and thermal 
cycling _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
Table 2 Summary of the ball shear strength tests of Sn bumps on Cu UBMs after 
multiple reflow and thermal-cycling test. 
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One time reflow Five times reflow Ten times reflow 
Average CL Average CL Average CL 
Shear force /mean Shear force /mean Shear force /mean 
(gram) diff (gram) diff (gram) diff 
Sn bumps … 1.8 4.7 � 尸 35.6 Ref, 37.3 ^ 门 35.0 ^ , 
on Cu 1.7 0.6 
Sn bumps 
19 20 19 
on Cu after 37.5 二 36.7 二 35.3 二 1.5 1.1 0.3 
annealing 
Table 3 Summary of the ball shear strength and student's t-test with 95% confidence 
level (CL) of Sn bumps on Cu UBMs after multiple reflow. 
One time reflow [ Five times reflow" Ten times reflow 
Average CL Average CL Average CL 
Shear force /mean Shear force /mean Shear force /mean 
(gram) diff (gram) diff (gram) diff 
Sn bumps 
on Cu after 3.1 2.1 1.6 
38.5 �� 37.0 34.9 ^ 
thermal 2.9 1.4 0.7 
cycling 
Sn bumps 
on Cu after 1.9 1.9 
annealmg 35.7 q.i 36.3 � . ^ 33.8 ^^ ^ 
and thermal 
cycling _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
Table 4 Summary of the ball shear strength and student's t-test with 95% confidence 




Comparison of the metallurgy and 
stability of Sn/Ni intermetallic to Sn/Cu 
intermetallic in flip-chip application 
4.1 Introduction 
As we have mentioned before, the stability of Sn/Cu interface during reflow is 
affected by the rapid dissolution of copper into molten tin. In additional to using an 
annealing method to control the tin-copper intermetallic growth, we also tried using 
an electroplated barrier layer to reduce intermetallic growth. A layer of nickel was 
electroplated on the copper UBM before plating the tin solder. The tin-nickel 
intermetallic compound was found at the pure tin/nickel interface after reflow. This 
chapter aims to study the growth and uniformity of the tin-nickel intermetallic 
compound. Moreover, the growth of this intermetallic in multiple reflow will be 
compared to the tin-copper intermetallic as mentioned in Chapter 3. The ball shear 
test was performed for pure Sn/Ni samples after multiple reflow for studying their 
reliability. 
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4.2 The stable properties of tin-nickel intermetallic 
In flip-chip manufacturing, although plating a nickel layer on copper UBM may 
increase the production cost and complexity, this process is still needed for high 
stability and reliability of the products. Nickel has been recognized as a diffusion 
barrier in the metallization because tin-nickel compounds show a very slow 
intermetallic growth rate [15, 32, 35-37] when compared with the tin-copper 
intermetallic. However, the dissolution rate of tin-nickel intermetallic is not well 
studied for pure Sn bumps on Ni UBM in flip-chip application. For the coming 
lead-free movement in flip-chip technology, a detailed study of the tin-nickel 
intermetallic growth is very useful and necessary. 
In this chapter, the maximum heights of tin-nickel intermetallic growth were 
measured using the SEM for different numbers of reflow. The tin-nickel 
intermetallic growth at the pure Sn/Ni interface during reflow will be compared with 
the tin-copper intermetallic in Chapter 3 to show the effective of Ni as a diffusion 
barrier. The pre-annealing process was also applied to the Sn/Ni samples for a 
complete comparison of intermetallic growth with annealed Sn/Cu samples. Finally, 
the ball shear test was done to show that the interfacial strength of pure Sn/Ni 
samples can also reach the flip-chip manufacturing requirements. 
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4.3 Results and Discussion 
4.3.1 Sample Description 
Pure Sn solder bumps were electroplated through the wafer bumping process as 
mentioned in chapter 2 on a 5 - 6脾 thick nickel layer. The samples were either 
reflowed directly or annealed in an oven (180°C for 4 hours) followed by reflow. 
For multiple reflows, the samples were fed back into the reflow oven after 
completion of each reflow. The samples after one time, five times and ten times 
reflow were collected for cross-sectional analysis and ball shear test. 
4.3.2 The identification of the components in the structure 
The cross-sectional SEM image and Auger map of a pure tin bump on nickel UBM 
after 10 times reflow were shown in Fig. 4.1. The detailed interface image and 
Auger map of the same bump were shown in Fig. 4.2. On this sample, a uniform 
layer was found at the interface of pure tin bump and nickel UBM. The Auger map 
in Fig. 4.2b shows that this layer has both tin and nickel signals. The Auger point 
analysis suggested that NisSr^ intermetallic formed at the interface. The 
composition measurement in this uniform layer showed a concentration of 57.4 
atomic % tin and 42.6 atomic % nickel in Fig. 4.3, which corresponds to the 
concentration ofNisSru intermetallic phase at equilibrium as mentioned in chapter 1. 
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Fig. 4.2 The detailed interface of tin bump on nickel UBM (a) SEM image, (b) Auger 
mapping. 
91 
X10^  Sn/Ni interface 
4 1 1 1 1 1 1  
Atomic % 





- 2 - -
-3 - -
_4 1 1 -I 1 1 1—  
200 300 400 500 600 700 800 900 
Kinetic Energy (eV) 
Fig. 4.3 The point Auger analysis of the tin-nickel intermetallic. 
92 
In Fig. 4.1, the shape of tin-nickel intermetallic compound appears as a uniform 
layer. However, for a higher magnification, the Auger map in Fig 4.2b shows that 
this intermetallic layer was actually in little scallop shape. The scallop formation of 
the tin-nickel intermetallic is much less serious when compared with the scallop 
formation of the tin-copper intermetallic. 
4.3.3 The intermetallic growth of Sn/Ni bumps in multiple reflow 
4.3.3.1 The Sn/Ni intermetallic growth for the sample without annealing 
The maximum heights of the tin-nickel intermetallic growth as shown in Fig. 4.4, 
4.5 and 4.6 were measured by a calibrated SEM. The backscattering mode of SEM 
were used which can show the intermetallic clearly. The intermetallic heights were 
measured for the bumps after one time reflow, five times reflow and ten times reflow. 
The measurements of maximum tin-nickel intermetallic heights for the samples 
without annealing after one time, five times and ten times reflow were 0.6jLim, 1.2|Lim 
and 2.3jLim, respectively. The difference of the maximum intermetallic growth 
between one time and ten times reflow was 1.7|Lim. 
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Fig. 4.8 The backscattering SEM images of the tin bump on nickel UBM with 
annealing after five times reflow (a) the whole bump, (b) the detailed 
interface measurement. 
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(b) Fig. 4.8 The backscattering SEM images of the tin bump on nickel UBM with 
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Fig. 4.8 The backscattering SEM images of the tin bump on nickel UBM with 
annealing after five times reflow (a) the whole bump, (b) the detailed 
interface measurement. 
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4.3.3.2 The Sn/Ni intermetallic growth for the sample with annealmg 
For the samples with annealing, the backscattering SEM images and the maximum 
tin-nickel intermetallic heights measurement were shown in Fig. 4.7, 4.8 and 4.9. 
The maximum intermetallic heights of the samples after one time, five times and ten 
times reflow were measured as 0.6|Lim, 1.1 jum and 1.1 jum respectively. The 
difference of the maximum intermetallic growth between one time and ten times 
reflow was 0.6jLim. When compared the intermetallic growth of the samples with or 
without annealing, we found that the pre-annealing process could also apply to Sn/Ni 
system for reducing the intermetallic growth. The samples with annealing show the 
smaller maximum heights with the same uniformity than the samples without anneal. 
4.3.4 The comparison tin-nickel intermetallic growth to tin-copper 
intermetallic 
The maximum intermetallic heights of tin/nickel samples in different numbers of 
reflow were compared to the tin/copper samples. The maximum intermetallic 
growth of tin-copper intermetallic in one time, five times and ten times reflow were 
2.39|Lim, 4.65|Lim and 8.72jLim respectively (refer to chapter 3). On the other hands, 
the maximum intermetallic growth of tin-nickel intermetallic in one time, five times 
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Fig. 4.8 The backscattering SEM images of the tin bump on nickel UBM with 
annealing after five times reflow (a) the whole bump, (b) the detailed 
interface measurement. 
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Fig. 4.8 The backscattering SEM images of the tin bump on nickel UBM with 
annealing after five times reflow (a) the whole bump, (b) the detailed 
interface measurement. 
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Fig. 4.8 The backscattering SEM images of the tin bump on nickel UBM with 
annealing after five times reflow (a) the whole bump, (b) the detailed 
interface measurement. 
100 
above, the tin-nickel intermetallic growth is much slower than the tin-copper 
intermetallic under the same sample treatment and reflow profile. In Fig 4.10, the 
slope for tin-nickel intermetallic was much less than the tin-copper intermetallic. 
Therefore, a layer of nickel electroplated on the copper UBM is effective to act as a 
barrier for reducing the intermetallic growth. 
For the sample with pre-annealing process, the maximum intermetallic growth of 
tin-copper intermetallic in one time, five times and ten times reflow were LSjum 
2.8|Lim and 4.9jum respectively (refer to Chapter 3). For comparison, the maximum 
intermetallic growth of tin-nickel intermetallic in one time, five times and ten times 
reflow were 0.6|Lim, 1.1 jum and 1.1 jum, respectively. The intermetallic growth of 
tin-nickel was also lower than the tin-copper and the graph was shown in Fig. 4.11. 
4.4 Interface strength Measurement 
The ball shear strength of the solder bumps were studied for all the samples after 
multiple reflow and after 500 cycles thermal-cycling test. The ball shear strength 
and the standard deviation of the pure Sn bump on Ni UBM samples were shown in 
Table 5. The failure modes observed were in solder fractures and under bump 
fractures. This suggested that the tin-nickel interfaces are stronger than tin solder. 
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Comparison of intermetallic growth of Sn/Ni interface 
9 and Sn/Cu interface without annealing 
3 8 - -m- Sn/Cu intermetallic 
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Fig 4.10 The comparison of intermetallic height for tin bumps on copper and nickel 
UBMs after multiple reflow. 
Comparison of intermetallic growth of Sn/Ni interface 
and Sn/Cu interface with annealing 
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Fig 4.11 The comparison of intermetallic height for tin bumps on copper and nickel 
UBMs with annealing after multiple reflow. 
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The shear forces of the tin-nickel samples after different numbers of reflow are very 
similar to the tin-copper samples. Since for both cases, the failure occurred within 
the pure tin solder, the shear forces should be similar. The shear forces were 
measured above 30 grams so that all of them can also pass the reference value for 
100)Lim bump diameter. Therefore, because of the slow growing property of 
tin-nickel intermetallic compound, inserting a nickel UBM between the tin solder 
and copper UBM can well control the intermetallic growth and also pass the 
industrial requirements. For the error analysis, all the Sn bump on Ni samples with 
or without annealing have no significant difference to each other. This is because 
the mean differences of all the samples calculated from the reference value were 
smaller than the calculated range. The values of ball shear forces, mean differences 
and confidence limits are shown in Table 6. 
4.5 Conclusion 
The interface of tin-copper bumps suffered from the rapid dissolution of copper 
into molten tin. When nickel UBM is used, the NisSrii. intermetallic compound 
formed at a much slower rate when compared to that using the copper UBM. 
Therefore we can obtain a more stable and controllable intermetallic by using the 
nickel as barrier. The ball shear test suggested that the tin-nickel samples can also 
fulfill the industrial requirements. 
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One time reflow Five times reflow Ten times reflow 
Average Std Average Std Average Std 
Shear force Dev. Shear force Dev. Shear force Dev. 
(gram) (g) (gram) (g) (gram) (g) 
Sn bumps on 
P 33.4 1.7 34.0 1.7 32.7 2.3 
Ni 
Sn bumps on 
Ni with 35.4 2.5 33.6 1.8 34.0 1.5 
annealing 
Sn bumps 
0 僅 36.1 3.5 32.4 4.6 33.9 2.8 
after 
thermal-cycling 
Sn bumps on 
Ni with 
35.7 3.3 34.8 1.9 33.1 3.2 
annealing and 
thermal-cycling _ _ _ _ _ _ _ 
Table 5 The ball shear results for pure tin bumps on Ni UBMs after multiple reflow 
and thermal-cycling. 
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One time reflow Five times reflow Ten times reflow 
Average Average 
b CL Average CL ^ CL 
Shear Shear 
/mean Shear force /mean /mean 
force force 
diff (gram) diff diff 
(gram) (gram) 
Sn bumps on ^ , 1.7 2.0 
^ 33.4 Ref. 34.0 32.7 … 
Ni 0.6 0.7 
Sn bumps on 1.8 1.6 
Ni with 35.4 33.6 �� 34.0 。， 
2.0 0.2 0.6 
annealing 
Sn bumps 
onNi 2.8 3.5 �^  2.3 
36.1 32.4 33.9 ^^ 
after 2.7 1.0 0.5 
thermal-cycling 
Sn bumps on 
Ni with 2.6 1.8 。，， 2.6 
35.7 34.8 1 ^ 33.1 … 
annealing and 2.3 1.4 0.3 
thermal-cycling _ _ _ _ _ _ _ _ _ _ _ _ _ 
Table 6 The ball shear results and student's t-test with 95% confidence limit for pure 
tin bumps on Ni UBMs after multiple reflow and thermal-cycling. 
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CHAPTER 5 
The formation and growth of SnNiCu 
intermetallic compound and its 
metallurgy and stability in flip-chip 
application 
5.1 Introduction 
In Chapter 4, the NisSiM intermetallic compound was found at the interface of pure 
Sn bumps on Ni UBM after reflow. However, the intermetallic formation was 
totally different when we used the copper containing solder bump on Ni UBM [17, 
38，52-53]. The eutectic tin-silver-copper alloy is popularly used in the electronic 
industry as a lead-free solder with small amount of silver and copper inside. 
Surprisingly, the three components tin-nickel-copper intermetallic compound was 
found at the SnAgCu/Ni interface after reflow. This ternary intermetallic 
compound was found to cause failure during drop test at the interface of tin-silver 
copper BGA (Ball Grid Array) balls and the Ni surface of the BGA substrates. The 
issue caused the mobile phone manufacturers to request the elimination of the nickel 
layer in the BGA substrates for bonding to the BGA balls. For lead-free flip-chip 
application, the stability and reliability of this intermetallic compound are still 
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unknown. 
In this chapter, the intermetallics growth at the SnAgCu/Cu and SnAgCu/Ni 
interfaces during multiple reflow were examined and the effects of annealing in 
controlling the growth of these intermetallics were also studied. Furthermore, the 
composition of the elements inside the tin-nickel-copper intermetallic layer was 
analyzed by Auger line scanning technique across the interface to show the 
continuously changing of nickel and copper ratios across this layer. The ball shear 
strength of all the samples was studied for their reliabilities. 
5.2 The formation of tin-nickel-copper intermetallic 
Pure tin with melting point 232°C is one of the possible materials to replace the 
eutectic tin-lead in lead-free movement. The melting point of pure tin solder can be 
lowered by adding suitable amount of copper and silver. Nowadays, the eutectic 
tin-silver-copper alloy with melting point 216�C is widely used in microelectronic 
industry as a lead-free solder. From the differential scanning calorimetry 
measurements and differential thermal analysis results, the eutectic point of 
tin-silver-copper alloy was estimated at Sn-3.5Ag-0.9Cu [52], with 3.5±0.3Ag, 
0.9±0.2Cu [53], respectively. 
The intermetallic growth and formation at the SnAgCu/Cu interface was similar to 
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those observed at pure tin/Cu interface in Chapter 3. The scalloped shape r| phase 
CueSns intermetallic compound was found at SnAgCu/Cu interface. However, the 
evolution of intermetallic at SnAgCu/Ni interface was proved much more complex. 
The intermetallic formation at the interface was not simply the NisSiu as mentioned 
in Chapter 4. The copper inside the solder bump dramatically altered the phase 
selectivity at the solder/Ni interface and resulted in producing the (Cu,Ni)6Sn5 
intermetallic. The ratio of nickel and copper in this intermetallic can change 
changing continuously across the interface so that the stability of this interface can be 
affected [38, 41]. 
In this chapter, the growth of the intermetallics at SnAgCu/Cu and SnAgCu/Ni 
interfaces were studied for the samples with or without annealing after multiple 
reflow. The maximum intermetallic heights of these samples after different 
numbers of reflow were compared with each others. The Auger line scanning 
analysis was carried out to determine the composition of both tin-copper and 
tin-nickel-copper intermetallic across the interface and we compared the results to 
show the instability of tin-nickel-copper intermetallic. In addition, the ball shear 
test was performed for studying the reliabilities of both SnAgCu/Cu and SnAgCu/Ni 
samples after multiple reflow. 
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5.3 Results and Discussion 
5.3.1 Sample Description 
The commercial available nearly eutectic SnAgCu solder balls (Sn 95.5wt.%, Ag 
4.0wt.%, Cu 0.5wt.% from Alpha Metal, product code: 101313055 ) with 0.4mm 
diameter were placed on Cu or Ni pads of a printed circuit board. The pad size is 
also 0.4mm in diameter. The samples were either reflowed directly or annealed in 
an oven followed by reflow. For multiple reflows, the samples were fed back into 
the reflow oven after completion of each reflow. The samples were collected after 
one time, five times and ten times of reflow and the cross-section of the samples 
were studied by SEM and Auger. 
5.3.2 The identification of the components in the structure 
5.3.2.1 For the SnAgCu/Cu interface 
The backscattering SEM image of a cross-sectioned tin-silver-copper bump on Cu 
UBM after reflow is shown in Fig. 5.1a. The detailed interface and the 
corresponding tin-copper auger mapping were shown in Fig. 5.1b and Fig. 5.1c. 
The scallop shape intermetallic compound was found at the interface of SnAgCu/Cu 
after reflow which alike the intermetallic observed in Chapter 3. The Auger point 
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Fig. 5.1 The cross-sectional SEM images and Auger mapping of the SnAgCu bump 
on Cu UBM: (a) the SEM image of the whole bump, (b) the SEM image of 
the detailed interface, (c) the Auger mapping of the corresponding detailed 
interface. 
110 
measurement at this scalloped layer showed the concentration of 40.9 atomic % tin 
and 59.1 atomic % copper in Fig. 5.2 which is similar to the measurement results by 
others research groups for CueSns intermetallic compound. 
5.3.2.2 For the SnAgCu/Ni interface 
On the other hand, the cross-section SEM images of SnAgCu bump on Ni UBM 
and the detailed interface were shown in Fig. 5.3. The intermetallic compound 
formed at the interface of SnAgCu/Ni contained three elements which is more 
complex than the previous tin-copper intermetallic. The tin, nickel and copper 
Auger elemental maps at the SnAgCu/Ni interface are shown in Fig. 5.4. The 
centre region of each map has the detected signals for the corresponding element. 
The Auger point analysis at the centre of this intermetallic layer shows the atomic 
concentrations of 47.6% tin，27.8% nickel and 24.6% copper. The Auger results are 
shown in Fig. 5.5. The results are consistent with the (Cu,Ni)6Sn5 intermetallic 
compound because the atomic % ratio of tin to copper plus nickel was similar to the 
tin to copper ratio of r| phase CueSns intermetallic compound. We also found that 
the atomic ratio of nickel and copper in this intermetallic was changing continuously 
across the interface and this will discuss later in this chapter. This (Cu,Ni)6Sn5 
intermetallic compound shows an irregular shape rather than the scallop shape of r) 
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Fig. 5.3 The cross-sectional SEM images of the SnAgCu bump on Ni UBM: (a) the 





Fig. 5.4 The Auger mapping at the interface of the SnAgCu bump on Ni UBM: (a) 
Sn auger map, (b) Ni auger map, (c) Cu auger map. 
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Fig. 5.5 The Auger point analysis of the Sn-Ni-Cu intermetallic region. 
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phase Cu^Sns intermetallic compound. 
5.3.3 The intermetallic growth of SnAgCu/Cu and SnAgCu/Ni 
bumps in multiple reflow 
5.3.3.1 The intermetallic growth measurements for SnAgCu/Cu samples 
The backscattering SEM images for measuring the intermetallic heights of 
SnAgCu/Cu samples were shown in Fig. 5.6, 5.7, 5.8, 5.9, 5.10 and 5.11. The 
intermetallic heights were measured for the bumps after one time reflow, 5 times 
reflow and 10 times reflow. The maximum tin-copper intermetallic heights for the 
SnAgCu/Cu samples without annealing after one time, five times and ten times 
reflow were 2.S\im and 3.9\im as shown in Fig. 5.6, Fig 5.7 and Fig.5.8, 
respectively. The difference of the maximum intermetallic growth between one 
time and ten times reflow was l.Sjiim. The intermetallic at the interface grew 
continuously during multiple reflows and the scallop shape of this intermetallic was 
observed. 
For the sample with pre-annealing, the intermetallic height measurements were 
shown in Fig. 5.9, Fig. 5.10 and Fig.5.11. The maximum intermetallic heights of 
the samples after one time, five times and ten times reflow were 2.2|Lim, 2.4|um and 
2.8|Lxm, respectively. The difference of the maximum intermetallic growth between 
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Fig. 5.13 The measurement of the intermetallic growth of SnAgCu/Ni without 
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Fig. 5.13 The measurement of the intermetallic growth of SnAgCu/Ni without 
annealing after five times reflow: (a) whole bump (b) maximum height 
measurement. 
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Fig. 5.13 The measurement of the intermetallic growth of SnAgCu/Ni without 
annealing after five times reflow: (a) whole bump (b) maximum height 
measurement. 
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Fig. 5.13 The measurement of the intermetallic growth of SnAgCu/Ni without 
annealing after five times reflow: (a) whole bump (b) maximum height 
measurement. 
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one time and ten time reflows was O.TjLim. 
The tin-copper intermetallic growth and the effect of annealing were different for 
the samples mentioned in Chapter 3 because the reflow profile was changed for 
SnAgCu solder and also the heat absorption of the printed circuit board during reflow 
were different from the wafer samples. When we compared the intermetallic 
growth of the samples with or without annealing, the total intermetallic growth in 
multiple reflow dropped from 3.9|Lim to 2.8|Lim. Thus, the annealing step was still 
effective to reduce the growth of intermetallic at SnAgCu/Cu interface. 
5.3.3.2 The intermetallic growth measurements for SnAgCu/Ni samples 
The backscattering SEM images for measuring the intermetallic heights of 
SnAgCu/Ni samples were shown in Fig. 5.12, 5.13, 5.14, 5.15, 5.16 and 5.17. The 
intermetallic heights were measured for the bumps after one time reflow, 5 times 
reflow and 10 times reflow. The maximum intermetallic heights for the SnAgCu/Ni 
samples without annealing after one time, five times and ten times reflow were 
measured as 1.2|Lim, 2.3|Lim and 4.0|Lim in Fig. 5.12, Fig. 5.13 and Fig.5.14, 
respectively. The difference of the maximum intermetallic growth between one 
time and ten times reflow was 2.8|Lim. 
For the annealed samples, the maximum intermetallic heights drop to 1.3 jam. 
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Fig. 5.13 The measurement of the intermetallic growth of SnAgCu/Ni without 
annealing after five times reflow: (a) whole bump (b) maximum height 
measurement. 
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Fig. 5.13 The measurement of the intermetallic growth of SnAgCu/Ni without 
annealing after five times reflow: (a) whole bump (b) maximum height 
measurement. 
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Fig. 5.13 The measurement of the intermetallic growth of SnAgCu/Ni without 
annealing after five times reflow: (a) whole bump (b) maximum height 
measurement. 
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Fig. 5.13 The measurement of the intermetallic growth of SnAgCu/Ni without 
annealing after five times reflow: (a) whole bump (b) maximum height 
measurement. 
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Fig. 5.13 The measurement of the intermetallic growth of SnAgCu/Ni without 
annealing after five times reflow: (a) whole bump (b) maximum height 
measurement. 
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Fig. 5.13 The measurement of the intermetallic growth of SnAgCu/Ni without 
annealing after five times reflow: (a) whole bump (b) maximum height 
measurement. 
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2.1|Lim and 3.1|Lim for one time, five times and ten times reflow in Fig. 5.15, Fig. 5.16 
and Fig. 5.17. The difference of the maximum intermetallic heights between one 
time and ten times reflow was 1.9|Lim. Unlike the slow dissolution of NisSiu 
intermetallic compound, the growth rate of tin-nickel-copper intermetallic compound 
was similar to the tin-copper in this chapter. Together with the Auger point analysis, 
we found that (Cii,Ni)6Sn5 was formed instead of the Ni3Sn4 intermetallic showed in 
chapter 4. The copper metal inside the SnAgCu solder bump moved to the interface 
and formed the intermetallic together with tin and nickel. When compared with the 
intermetallic growth for the SnAgCu/Ni samples with or without annealing, the total 
intermetallic growth in multiple reflow dropped from 4.0|Lim to 3.1|um. The 
annealing process was also effective to reduce the (Cu,Ni)6Sii5 intermetallic growth. 
The comparison of the intermetallic growth in multiple reflows for samples of both 
SnAgCu/Cu and SnAgCu/Ni are shown in Fig. 5.18. 
5.3.4 The Auger line scanning analysis for both tin-copper and 
tin-nickel-copper intermetallic 
The Auger line scanning analysis was performed for studying the composition 
change of the intermetallic compounds across the interface. The line scanning 
analysis for tin-copper intermetallic shows a very stable tin-copper ratio throughout 
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The intermetallic growth for SnAgCu/Cu and SnAgCu/Ni with or 
without annealing 
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Fig. 5.18 Comparison of the intermetallic growth for SnAgCu/Cu and SnAgCu/Ni 
samples with or without annealing. 
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the intermetallic region as shown in Fig. 5.19. The atomic % of copper and tin 
across the intermetallic interface were steady at about 60% and 40%, respectively. 
However, the line scanning analysis for tin-nickel-copper intermetallic shows the 
continuous changing of the nickel-copper atomic % ratio as shown in Fig. 5.20. 
Therefore, we confirmed that the composition of the ternary intermetallic is not 
stable at the interface of the SnAgCu/Ni. 
5.4 Interface strength Measurement 
The ball shear strengths were studied for the bumps after one time reflow, 5 times 
reflow and 10 times reflow. The compared ball shear forces and the standard 
deviation of both SnAgCu bumps on Cu and Ni UBMs were shown in Table 7. The 
average and standard deviations were obtained from 10 successful measurements 
with solder fracture. If an interfacial fracture was observed, test on an additional 
bump was performed until a total of 10 successful measurements. The numbers of 
interfacial fracture are also shown in the table. The ball shear forces after different 
numbers of reflow on both copper and nickel UBM are very similar. All the 
samples can pass the reference value of 487g shear forces for 0.4mm diameter bump 
and the failure modes were mainly in solder fracture. That means the intermetallic 
interfaces were stronger than the solder strength. However, an average 2 out of 12 
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Fig, 5.19 The line scanning analysis for SnAgCu on Cu UBM intermetallic region: (a) 
the SEM image of scanning region, (b) the corresponding line scanning. 
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One time reflow Five times reflow Ten times reflow 
Average Average Average 
Shear force Std Shear force Std Shear force Std 
(gram)/ Dev. (gram)/ Dev. (gram)/ Dev. 
Interfacial (g) Interfacial (g) Interfacial (g) 
fracture no. fracture no. fracture no. 
SnAgCu 
bumps on 787.0 843.3 790.6 _ ^ 
P 60.5 51.1 39.2 
Cu without (0) (0) (0) 
annealing _ _ _ _ _ _ _ _ 
SnAgCu 
bumps on 810.7 � 840.6 806.0 
^ 38.7 55.9 41.1 
Cu after (0) (0) (0) 
annealing _ _ _ _ _ _ _ _ _ _ 
SnAgCu 
bumps on 784.6 815.2 802.5 ^^ ^ 
Ni without (1) (2) (2) 
annealing _ _ _ _ _ _ _ _ _ _ _ 
SnAgCu 
bumps on 816.3 B32.3 53.1 68.3 
Ni after (2) (1) (3) 
annealing _ _ _ _ J L _ _ 
** ‘ iilkiLJij.i. J I I I "II" a — • • • I I _ " ' ' " "" 
Table 7 The ball shear results for SnAgCu on both Cu and Ni UMBs with and 
without annealing after multiple reflow. The average and standard 
deviations were obtained from 10 successful measurements with solder 
fracture. The numbers of interfacial fracture observed during the tests are 
also shown. 
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bumps of the SnAgCu/Ni samples were found to have interfacial fracture failure. 
The interfacial strength for the tin-nickel-copper intermetallic interface seems to be 
weaker than the tin-copper intermetallic interface and this may lead to the failure in 
flip-chip bonding. 
The ball shear test results for the samples after 500 cycles thermal-cycling test 
were shown in Table 8. The ball shear forces obtained were around 100 grams 
lower than the samples without thermal-cycling in Table 7 but still can pass the 
commercial standards. However, the numbers of interfacial fracture for SnAgCu/Ni 
samples were increase to average 4 out of 14 bumps. The instability of the 
tin-nickel-copper intermetallic was getting more serious after a long time aging. 
Therefore, it is suggested that SnAgCu solder will have reliability issues when it is 
used together with Ni UBM in flip-chip application. 
The error analysis for the SnAgCu bump on Cu or Ni samples after multiple 
reflow and thermal-cycling were shown in Table 9 and 10. The Student's t test 
results show that there are no significant different for all the Cu and Ni UBM 
samples without thermal-cycling since the mean differences of all the samples 
calculated from the reference value were smaller than the calculated confidence limit. 
The differences of the measured mean values for all the samples were found to be 
due to random errors as evaluated by the Student's t-test. However, for both the Cu 
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One time reflow Five times 丨e f l o w � T en times i^eflow 
Average Average Average 
Shear force Std Shear force Std Shear force Std 
(gram)/ Dev. (gram)/ Dev. (gram)/ Dev. 
Interfacial (g) Interfacial (g) Interfacial (g) 
fracture no. fracture no. fracture no. _ _ _ 
SnAgCu 
bumps on 701.4 730.7 689.6 � � ， ^ 49.9 37.1 59.6 
Cu without (0) (0) (0) 
annealing _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
SnAgCu 
bumps on 708.9 力 ^ 698.7 ^^ ^ 679.4 ^^ ^ 
Cu after (0) ‘ (0) • (0) 
annealing _____ _ _ _ _ _ _ _ _ _ 
SnAgCu 
bumps on 720.6 � 74.6 • 23.6 
Ni without (3) (5) (4) 
annealing  
SnAgCu 
bumps on 713.8 ^^ ^ 733.8 680.0 I 
Ni after (3) (3) (5) 
annealing | 
Table 8 The ball shear results for SnAgCu on both Cu and Ni UMBs with and 
without annealing after thermal-cycling. The average and standard 
deviations were obtained from 10 successful measurements with solder 
fracture. The numbers of interfacial fracture observed during the tests are 
also shown. 
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One time reflow Five times reflow Ten times reflow 
Average Average Average 
Shear force CL Shear force CL Shear force CL 
(gram)/ /mean (gram)/ /mean (gram)/ /mean 
Interfacial diff Interfacial diff Interfacial diff 
fracture no. fracture no. fracture no. 
SnAgCu bumps • 843.3 58.7 790.6 51.0 
on Cu without (0) Ref. (。） 3 , 3 � 3,6 
annealing 
SnAgCu bumps — 810,7 50.8 ‘ 840.6 58.2 806.0 51.7 
on Cu after (^) , (•) 53.5 (O) 19.0 
annealing _ _ _ 
SnAgCu blimps 
on Cu without 701.4 55.5 730.7 50.2 689.6 60.1 
annealing, with (0) 85.6 (0) 56.3 (0) 97.4 
thermal-cycling  
I 丨 -luuiii-ii.nTr [ , ‘ I iVTin'imr i i ii ru.L. i i i i i i r -nr- i-u i^ij- j i 丨 i , ' '' ^ 
SnAgCu bumps 
on Cu after 708.9 58.9 698.7 51.3 679.4 51.6 
annealing, with (0) 78.1 (0) 88.3 (0) 107.6 
thermal-cycling _ _ _ _ _ _ _ _ 
Table 9 The ball shear results and student's t4est with 95% confidence limit for 
SnAgCu bumps on Cu UMBs with and without annealing after multiple 
reflow and thermal-cycling. 
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One time reflow Five times reflow Ten times reflow 
Average Average Average 
Shear force CL Shear force CL Shear force CL 
(gram)/ /mean (gram)/ /mean (gram)/ /mean 
Interfacial diff Interfacial diff Interfacial diff 
fracture no. fracture no. fracture no. 
SnAgCu bumps 彻 ^ 815.2 35.2 802.5 28.2 
on M without � Ref. � � 口9 
annealing _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
SnAgCu bumps 3 33 5 832.3 50.7 826.3 53.9 
o n M after � ^ � , (3) 41.7 
annealing 
SnAgCu bumps 
onNi without 720.6 36.5 709.7 58.0 725.2 29.3 
annealing with (3) 64.0 (5) 74.9 (4) 59.4 
thermal-cycling _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
SnAgCu bumps 
on Ni after 713.8 30.6 733.8 35.1 680.0 30.5 
annealing and (3) 70.8 (3) 50.8 (5) 104.6 
thermal-cycling _ _ _ _ _ _ _ _ 
Table 10 The ball shear results and student's t-test with 95% confidence limit for 
SnAgCu bumps on Ni UMBs with and without annealing and after 
thermal-cycling. 
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and Ni UBM samples after thermal-cycling, the t-test results show that the shear 
forces have significant difference to the samples without thermal-cycling. The 
bonding force of the SnAgCu solder has been changed after thermal-cycling. The 
reasons are unclear at the moment. Additional work will be performed by other 
research staff in CUHK. 
5.5 Conclusion 
The intermetallic compounds formed at the interfaces of SnAgCu/Cu and 
SnAgCu/Ni during reflow were examined. For the SnAgCu/Cu system, the 
expected tin-copper intermetallic was found at the interface. However, for the 
SnAgCu/Ni system, the copper inside the solder bump played a role in forming the 
intermetallic. The ternary intermetallic compound of (Cu,Ni)6Sn5 was found at the 
SnAgCu/Ni interface instead of the NisSi^ intermetallic. The Auger line analysis 
and ball shear test suggested that this tin-nickel-copper intermetallic compound is not 





In Chapter 1, we have listed four objectives in studying the intermetallics for 
flip-chip application. These objectives have been successfully completed. To 
summarize: 
1. The scallop shape T| phase CueSns intermetallic compound was found at the 
Sn/Cu interface after reflow. This intermetallic compound grew continuously 
during the multiple reflow process. When the pre-annealing method applied, 
the tin-copper intermetallic growth was reduced sufficiently and the shape of 
intermetallic layer was more uniform. The maximum intermetallic heights of 
tin-copper intermetallic reduced from 8.5|Lim for non-annealed sample to 4.9|Lim 
for annealed sample after ten times reflow. 
2. The NisSiM intermetallic compound was found at the Sn/Ni interface after reflow. 
The growth rate of this intermetallic during reflow was very slow when 
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compared with the tin-copper intermetallic. Therefore, we can say that the 
nickel UBM is effective to act as a diffusion barrier between tin solder and Cu 
UBM. The maximum intermetallic growth for tin-copper intermetallic was 8.5jLim 
but the maximum intermetallic growth for tin-nickel intermetallic was only 
2.3|am after ten times reflow. 
3. The formation of the (Cu,Ni)6Sn5 intermetallic at the interface of 
tin-silver-copper bumps on Ni UBM after reflow was identified. The annealing 
process can also reduce the growth of this intermetallic. The Auger line 
scanning analysis and ball shear test suggested that this intermetallic compound 
was not stable for flip-chip application. 
4. The ball shear forces of all the samples in this research are higher than the 
reference values. The failure modes of most samples can meet the requirements 
except the samples with the ternary intermetallic at the interface. Therefore, the 
pure tin bumps on either Cu or Ni UBM should be able to be used for flip-chip 
manufacturing. However, the SnAgCu bumps on Ni UBM with 
tin-nickel-copper intermetallic at the interface may induce failure problems. 
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In this research, an anneal step was proposed and verified for reducing the 
intermetallic growth. This should be useful for the coming mass production of 
lead-free flip-chip products. 
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